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Enhanced Atrazine Degradation: Evidence for Reduced Residual Weed Control
and a Method for Identifying Adapted Soils and Predicting Herbicide Persistence

L. Jason Krutz, Ian C. Burke, Krishna N. Reddy, Robert M. Zablotowicz, and Andrew J. Price*

Soilborne bacteria with novel metabolic abilities have been linked with enhanced atrazine degradation and complaints of
reduced residual weed control in soils with an s-triazine use history. However, no field study has verified that enhanced
degradation reduces atrazine’s residual weed control. The objectives of this study were to (1) compare atrazine persistence
and prickly sida density in s-triazine-adapted and nonadapted field sites at two planting dates; (2) utilize original and
published data to construct a diagnostic test for identifying s-triazine-adapted soils; and (3) develop and vahdate an s-
triazine persistence model based on data generated from the diagnostic test, i.c., mineralization of ring-labeled #C-s-
triazine. Atrazine half-life values in s-triazine-adapted soil were at least 1.4-fold lower than nonadapted soil and 5-fold
lower than historic estimates (60 d). At both planting dates atrazine reduced prickly sida density in the nonadapted soils
(P = 0.0091). Conversely, in the s-triazine-adapted soil, prickly sida density was not different between no atrazine PRE
and atrazine PRE at the March 15 planting date (P = 0.1397). A lack of significance in this contrast signifies that enhanced
degradation can reduce atrazine’s residual control of sensitive weed species. Analyses of published data indicate that
cumulative mineralization in excess of 50% of C, after 30 d of incubation is diagnostic for enhanced s-triazine degradation.
An s-triazine persistence model was developed and validated; model predictions for atrazine persistence under field
conditions were within the 95% confidence intervals of observed values. Results indicate that enhanced atrazine
degradation can decrease the herbicide’s persistence and residual activity; however, coupling the diagnostic test with the
persistence model could enable weed scientists to identify s-triazine-adapted soils, predict herbicide persistence under field

conditions, and implement alternative weed control strategies in affected areas if warranted.
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Atrazine is a soil- and (or) foliar- apphed s-triazine herbicide
that provides residual control of sensitive weeds in corn (Zea
mays L.), sorghum (Sorghum bicolor L.), sugarcane (Saccharum
officinarum L.), and turf. Effective residual weed control with
atrazine depends on its persistence in soil. Historic data
indicate that the average atrazine half-life in soil under field
conditions is approximately 60 d (Senseman 2007; Wau-
chope et al. 1992). Atrazine’s moderate half-life in soil has
been attributed to the halogen and N-alkyl substituents, which
impede microbial degradation of the s-triazine ring (Wackett
et al. 2002). However, in the mid-1990s, bacteria able to
catabolize atrazine were isolated (Mandelbaum et al. 1995;
Radosevich et al. 1995). The genes and enzymes responsible
for atrazine catabolism by soil bacteria were subsequently
identified and recently have been linked with enhanced
s-triazine degradation in corn production systems (Figure 1;
Krutz et al. 2008a,b).

Enhanced degradation is the phenomenon whereby a soil-
applied pesticide is rapidly degraded by a population of
microorganisms that have developed the ability to use the
pesticide as an energy and/or nutrient source because of
previous exposure to it or an analog. Enhanced atrazine
degradation has been demonstrated in agricultural soils from
around the globe (Barriuso and Houot 1996; Hang et al.
2003; Houot et al. 2000; Ostrofsky et al. 1997; Pussemier et
al. 1997; Shaner and Henry 2007; Vanderheyden et al. 1997;
Yassir et al. 1999; Zablotowicz et al. 2006). In the United

States, observations from Colorado, Hawaii, Louisiana,
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Mississippi, Tennessee, and Texas indicate shorter residual
activity with atrazine in soils with a prior use history (P.
Baughman, personal communication; M. D. Poteet, personal
communication; L. E. Steckell, personal communication;
Shaner and Henry 2007; Viator et al. 2002). It has been
postulated that reduced residual weed control with atrazine in
these soils was due to enhanced degradation (L. E. Steckell,
personal communication; Shaner and Henry 2007; Viator et
al. 2002).

Previous research on s-triazine-adapted soils indicates that
microbial adaptation can occur following one atrazine
application (Zablotowicz et al. 2007), and that the
phenomenon is likely widespread across the western and
southern U.S. corn production regions (Krutz et al. 2008a).
Reduced residual weed control with atrazine in s-triazine-
adapted soils has been confirmed under greenhouse condi-
tions (Krutz et al. 2007), and simazine cross-adaptation has
been verified to reduce the herbicides residual weed control
under field conditions (Krutz et al. 2008b). However, no
study has demonstrated that enhanced degradation decreases
atrazine’s residual control of sensitive weed species under
field conditions. Thus, the objectives of this study were to (1)
determine the effects of planting date on atrazine persistence
and the control of prickly sida in s-triazine-adapted and
nonadapted soils; (2) identify a diagnostic tool for
determining s-triazine-adapted soils; and (3) develop and
validate a model for predicting s-triazine persistence in
adapted soils.

Materials and Methods

Site History. The site history for the s-triazine-adapted soils
utilized in this experiment was previously described (Krutz et
al. 2008b; Zablotowicz et al. 2007). Briefly, the soil was a
Dundee silt loam (fine-silty, mixed, active, thermic Typic
Endoqualf) with pH 6.7, 1.1% organic matter, a CEC of

Krutz et al.: Enhanced s-triazine degradation + 427



<l OH

Sy Sy
J A2 L
Atrazine Hydroxyatrazine
o Unknown atzB

Sy

A

N-ethylammelide

UH

N \N

A

N-isopropylammelide

N\ A

Cyanuric Acid

TrzD l atzD

AN

Biuret

tzE 1
iz AN 2NH, +2C0,
uniaewn - Allophanate

Figure 1. Proposed metabolic pathway responsible for the rapid dissipation of atrazine in s-triazine-adapted soils. Abbreviations denote genes coding for the following
enzymes: atzA, atrazine chlorohydrolase; #z/N, triazine hydrolase; a#zB, hydroxyatrazine ethylaminohydrolase; azC, N-isopropylammelide isopropylaminohydrolase;
TrzD, cyanuric acid amidohydrolase; a2zD, cyanuric acid hydrolase; azF, biuret hydrolase; azzF, allophanate hydrolase; and #zF, allophanate hydrolase (Boundy-Mills et
al. 1997; Cheng et al. 2005; de Souza et al. 1998; Fruchey et al. 2003; Martinez et al. 2001; Mulbry et al. 2002; Sadowsky et al. 1998; Seffernick et al. 2002; Shapir et al.

2002, 2005; Shapir et al. 2006; Smith et al. 2005; Topp 2001).

15 cmol. kgfl, and textural fractions of 26% sand, 55% silt,
and 19% clay. The field was managed with reduced tillage,
planted to corn, and treated with atrazine annually since 2000.
The site has exhibited enhanced atrazine degradation since 2001
(Zablotowicz etal. 2007), and bacteria isolated from the adapted
soils were positive for the a2zABC and #zN genes (Figure 1;
Krutzetal. 2008a). The soil at the nonadapted site utilized in this
experiment also was classified as a Dundee silt loam and had
similar chemical and physical properties of the s-triazine-adapted
soil, i.e., pH, organic matter, CEC, and textural fraction. The
nonadapted location had been in cotton (Gossypium hirsutum L.)
or soybean (Glycine max L.) production and had no known
atrazine exposure history for at least 20 yr.

Field Preparation. As described previously (Krutz et al.
2008b), planting dates were March 15 and April 17, 2006 for
both the s-triazine-adapted and nonadapted field sites. Pre-
emergence (PRE) treatments included (1) no PRE or (2)
atrazine at 1,120 g ai ha ', Post- -emergence (POST) treat-
ments included (1) no POST or (2) glyphosate (N-
(phosphonomethyl)glycme) applied at 840 g ae ha~' to corn
in the V3 to V4 stage corn. Corn, ‘Garst 8347 RR was
planted in a conventionally-tilled seedbed at 10 seed m ™', and
tefluthrin (2,3,5,6-tetrafluoro-4-methylphenyl)methyl-(10,30)-
(Z-(£)-3-(2-chloro-3,3,3-trifluoro-1-propenyl)-2,2-dimethyl-
cyclopropanecarboxylate) was  applied in-furrow at
3,700 g ai ha~' at planting. Plots were 6.1 m in length by
four rows wide with rows spaced 102 cm apart. PRE and
POST herbicides were applied w1th a CO, backpack sprayer
calibrated to dehver 127 L ha™ " at 207 kPa through 11002
flatc-fan nozzles." Prickly sida was seeded at 10 seed m™ >
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prior to planting using a shoulder-mounted rotary spreader.
Prickly sida seed were mixed with sand (1:1 v/v) to
facilitate even distribution from the spreader.

Field Dissipation. The dissipation study was analyzed as a
randomized complete block with treatments arranged as a
split-plot with twelve replications of each treatment. The
whole plot was soil (s-triazine-adapted or nonadapted), and
the subplot was atrazine PRE application date (March 15 or
April 17). From 0 to 42 d after atrazine application,
composite soil samples were collected from three locations
in each plot to a depth of 5.0 cm. At each location, two
samples were collected from within the plant row and two
samples were collected from within the furrow between the
beds. Composite samples were thoroughly mixed, and a
subsample (50 g) was removed for herbicide analysis. Soil
samples were stored at —5 C until initiating extractions,
typically with 3 d of collection.
Atrazine dissipation data were fitted to Equation 1:

C = Ce * (1]

where, C, is the herbicide concentration in soil in soil at time
zero (mg kgfl); k is the first-order rate constant (d~'); and #
is time (d). Atrazine half-life (T;/;) values were calculated
from Equation 2:

T1/2 = lIIZ/k [2]

Herbicide Analysis. Extraction and concentration. Soil (50 g)
was agitated with methanol + water (8 + 2 by volume,



100 ml) for 24 h and centrifuged for 10 min at 6,000 X g,
and the supernatant was removed. The extract was concen-
trated by rotary evaporation, diluted in water (100 ml) and
passed through a C;g solid-phase extraction column
preconditioned with methanol (4 ml) followed by distilled
water (4 ml) under negative pressure. Atrazine was eluted with
methanol (2 mL). Terbuthylazine was included as an internal
standard.

Quantification. Atrazine was identified and quantified with a
Waters 2695 HPLC separations module equipped with a
Waters 996 photodiode array detector.® The HPLC was fitted
with a 2.1- -mm diam by 150-mm length Waters symmetry
C,s column.” The mobile phase consisted of acetonitrile +
water (4 + 6 by volume), and the flow rate was constant
(0.3 ml min~"). Recovery of fortified samples, 1 mg atrazine
kg U soil, was 98.0 *= 4%, and the instrument limit of
detection was 0.11 pg ml™ U'(n = 8).

Mineralization Assay. Mineralization of '*C-ring-labeled
atrazine was evaluated in biometer flasks as previously
described (Krutz et al. 2008b). Briefly, adapted and
nonadapted soils (25 g dry weight equivalent) collected from
the 0- to 5-cm depth prior to the March 15 and April 17 PRE
atrazine apphcatlons were fortified w1th a solutlon of technical
grade atrazine” and rlng—labeled 4C-atrazine.” The initial
herbicide concentration was 4ugg ' and the initial
radioactivity was 190 Bq g . Biometers were incubated in
the dark at 25 C and a grav1metr1c moisture content of 30%.
Cumulative mineralization of “C-carbon dioxide was fitted
to the Gompertz growth equation (Equation 3):

y = aexp(—exp(—(t — 1)/k)) 3]

where a is the plateau representing the maximum minerali-
zation (%); 7 is the abscissa of the inflection point
representing the lag phase (d); # is the inverse of the
Gompertz mineralization rate constant (d); and t is time (d).

Model Development and Validation. The atrazine persis-
tence model was developed with the March 15 laboratory and
field data. A linear model (Equation 4) was used to describe
the relationship between the rate constants derived from
Equation 3 and the rate constants derived from Equation 1:

by = mk, + b [4]

where k; is the predicted first-order rate constant dh
derived from Equation 1; m is the slope, 0.19; k&, is the
Gompertz mlnerallzatlon rate constants derived from Equa-
tion 3 (d~'), and & is the y intercept, 0.03.

Equation 5 was adapted to account for temperature effects

in the field:

ki) = (019, + 0.03)[Qio(7 — Top)/10]  [5]

where k; () is the first-order rate constant that accounts for
the average soil temperature (C) in the 0- to 10-cm depth; Q;p
is the factor by which degradation increases when tempera-
ture, T, increases by 10 C, 2.0; T ¢ is the average soil T (C)
under field conditions for the reference soil in the 0- to 10-cm
depth, 14.4 C. A constant was added to Equation 5 to predict

simazine’s first-order rate constant under field conditions
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Figure 2. Cumulative “C-CO, evolution from ring-labeled 4C-atrazine
applied to s-triazine-adapted and nonadapted soils collected prior to the April
17 planting date. Symbols represent the mean of 12 replicates. Error bars indicate
one standard deviation and do not appear when smaller than the symbol for the
mean. Fitted values, indicated by the smooth line, are the best fit of the modified
Gompertz growth model y = a-exp(—exp(—(¢—1y)/k)) where a is the plateau
representing the maximum mineralization (%); #,, is the abscissa of the inflection
point representing the lag phase (d); 4 is the inverse of the Gompertz
mineralization rate constant (d); and t is time (d).

(Equation 6):

kiiry = (019, + 0.03)(Quo((7 — Tr)/10))) /6 [6]

where b = 1.28.

Equation 5 was validated for atrazine with independent
data by comparing predicted values with the 95% confidence
intervals from the observed first-order rate constants from the
April 17 planting date. Equation 6 was validated for simazine
by comparing predicted values with the 95% confidence

intervals from previously reported first-order rate constants
(Krutz et al. 2008b).

Evaluating Residual Herbicide Activity. To evaluate
residual activity of atrazine, the field study was analyzed as a
randomized complete block with a factorial arrangement of
treatments. The factorial treatment arrangement consisted of
planting date by PRE by POST treatment options. Prickly
sida density was evaluated 15, 30, 45, and 60 d after planting
(DAP) from a single 1 m* plot randomly chosen from
between the center two rows of each plot. Prickly sida
emerges, develops symptoms, and then dies in response to
atrazine before producing a true leaf; therefore, only weeds
with one or more true leaf were counted as these were
considered to have survived the herbicide treatment. All four
rows of each plot were harvested using a combine modified for
small plot research. Corn grain yield was adjusted to 15%
moisture. Corn yields were higher in the April 17 plating date
compared to the March 15 planting date; consequently, corn
grain yields were standardized using the average yield of the
weed-free treatment (atrazine PRE followed by [fb] glyphosate
POST).

Statistics. Data variance was inspected visually by plotting
residuals to confirm homogeneity of variance prior to
statistical analysis. All analysis was conducted with SAS
software. Data were subjected to analysis of variance in SAS®
using a mixed model approach with replication considered as
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Figure 3. Box plots for cumulative 4CO, evolution of 14C—ring-labeled atrazine
30 d after inoculation in s-triazine-adapted and nonadapted soil. Boundary of box
closest to zero indicates the 25th percentile, a solid line within the box marks the
median, a dashed line within the box delineates the mean, and the boundary of
the box farthest from zero indicates the 75th percentile. Error bars above and
below the box indicate the 95th and 5th percentile, and solid dots indicate
outliers. The number of independent observations is 22 for nonadapted soils and
54 for s-triazine-adapted soils (Abdelhafid et al. 2000; Hang et al. 2003, 2005,
2007a,b; Hayar et al. 1997; Krutz et al. 2006, 2008a; Langenbach et al. 2000;
Mersie et al. 1999; Mordaunt et al. 2005; Yassir et al. 1999; Zablotowicz et
al. 2000).

a random effect, and single degree of freedom contrasts were
developed to evaluate prickly sida density between treatments.
Mmerahzatlon data were fitted to the Gompertz model using
SAS NLIN,® and 95% confidence intervals were calculated for
a, ty, and k.

Results

Mineralization Assay. Analysis of variance conducted on the
cumulative mineralization data from soils collected prior to
the April 17 planting date indicated that the soil by time
interaction was significant (P = 0.0001). From 4 d after study
inception until termination, atrazine mineralization was at
least 4.6-fold higher in s-triazine-adapted than nonadapted
soils (Figure 2). It is 1mportant to note that cumulative
mineralization of ring-labeled ' “C atrazine in the s-triazine-
adapted soils exceeded 50% of C, after 30 d of incubation,
which is indicative of s-triazine- adapted soils (Flgure 3).

Conversely, mineralization of rmg-labeled 4C atrazine in the
nonadapted soils did not exceed 20% of C, after 30 d of
incubation, which is typical for nonadapted soils. Nonlinear
regression analysis indicated that the lag phase was 5-fold
shorter and the mineralization rate constant 2.9-fold higher in
the s-triazine-adapted soils compared to nonadapted soil
(Table 1), which was similar to the mineralization kinetics of
ring labeled '*C-simazine in s-triazine-adapted and non-
adapted soils (Krutz et al. 2008Db).

Field Persistence. For atrazine persistence under field
conditions, the soil by time interaction was significant (P =
0.0002). Within both s-triazine-adapted and nonadapted
soils, atrazine half-life values were at least 2.3-fold lower at the
April 17 than the March 15 planting date (Figure 4; Table 2).
A similar trend was noted in a companion study where
simazine half-life values pooled over s-triazine-adapted and
nonadapted soils were 2.4-fold lower at the April 17 planting
date compared to the March 15 planting date (Krutz et al.
2008b). Decreased s-triazine persistence at the later planting
date was attributed to a temperature effect. For example,
average soil temperatures for the 0- to 10-cm depth for the
March 15 and April 17 planting dates were 14.4 and 24.2 C,
respectively. A 1.8- to 2.8-fold decrease in half-life values
between planting dates is in agreement with projected Qg
effects on s-triazine persistence (Kruez et al. 2008a).
Additionally, atrazine half-life values were at least 1.4-fold
lower in s-triazine-adapted than nonadapted soils, regardless
of planting date. This observation is consistent with earlier
reports from Mississippi and Colorado where atrazine and/or
simazine persistence were at least 1.4-fold lower in s-triazine-
adapted soils relative to nonadapted soils (Krutz et al. 2007,
2008b; Shaner and Henry 2007). In this experiment, reduced
atrazine persistence in the s-triazine-adapted soil was expected
in that the soil had been treated with atrazine since 2000; it
began exhibiting enhanced atrazine degradation in 2001, and
contained bacterial isolates positive for the atzABC and tz/V
genes (Krutz et al. 2007, 2008a; Zablotowicz et al. 2007).

Model Development and Validation. The mineralization
rate constants from the March 15 plantng date were
positively correlated with the March 15 first-order rate
constants, which were fitted with Equation 4 (Figure 5). In
an attempt to predict atrazine field persistence at the April 17
planting date using companion laboratory mineralization
data, Equation 4 was adjusted to account for Qg effects, i.e.,
Equation 5. Using the April 17 mineralization data and the
appropriate Qo adjustment, the predicted first-order rate
constants generated with Equation 5 were within the 95%
confidence intervals of the observed values, regardless of s-
triazine use history (Figure 6). Equation 5 was then applied to
previously published simazine data (Krutz et al. 2008b), but
the model overpredicted the observed first-order rate
constants. A constant was applied to Equation 5 that
accounted for the model’s inability to predict simazine
persistence under field conditions, i.e., Equation 6. The
predicted first-order rate constants for simazine generated
from Equation 6 were within the 95% confidence intervals of
the observed values, regardless of planting date or s-triazine
use history (Figure 6).

Residual Atrazine Activity in s-Triazine-Adapted and
Nonadapted Soils. A differential effect of atrazine on prickly
sida density was observed between s-triazine-adapted and

Table 1. Gompertz growth model estimates for atrazine in s-triazine-adapted and nonadapted soils for the April 17 planting date at Stoneville, MS in 2006.

Soil 4 (Maximum evolved) k (Reciprocal of the rate constant) t9 (Lag-phase) "
% d

Adapted 61.94 (60.45-63.42)* 4.36 (3.71-5.02) 5.38 (4.97-5.79) 0.99

Nonadapted 14.66 (10.04-19.28) 12.78 (2.29-23.26) 26.68 (19.14-34.22) 0.99

* Numbers in parentheses indicate 95% confidence intervals as estimated by SAS NLIN.
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Figure 4. Atrazine dissipation kinetics in s-triazine-adapted and nonadapted soils
at the March 15 and April 17 planting dates. Symbols represent the mean of
twelve replicates for each of the following treatments: nonadapted March 15
(closed circles), s-triazine-adapted March 15 (open circles), nonadapted April 17
(closed inverted triangles), s-triazine-adapted April 17 (open triangles). Error bars
indicate one standard deviation and do not appear when smaller than the symbol
for the mean. Smooth lines represent the best fit of the first-order kinetics mode
C, = Cpe ™ where C, is the herbicide concentration in soil at time zero
(mg kgfl); k is the first-order rate constant (d~'); and # is time (d).

nonadapted soils at the March 15 planting date. Prickly sida
density in the nonadapted soils was 4.8-fold lower in atrazine
PRE compared with no atrazine PRE (P = 0.0012; Table 3).
Reduced prickly sida density in the atrazine PRE treatment
was expected, because the weed typically is controlled by the
herbicide (Parker et al. 2006; Tharp and Kells 1999).
Conversely, the contrast between no atrazine PRE and
atrazine PRE was not significant in the s-triazine-adapted
soils (P = 0.1397). A lack of significance in this contrast
indicates that atrazine had no herbicidal effect on prickly sida
density in the s-triazine-adapted soils. These trends were not
evident at the April 17 planting date when the contrast of no
atrazine PRE vs. atrazine PRE was significant at the
P = 0.0091 level, regardless of s-triazine use history. Prickly
sida control with atrazine in the s-triazine-adapted soils at the
April 17 planting date was likely obtained because the later
application date synchronized with prickly sida emergence
and herbicide concentrations above the phytotoxic threshold.
In a companion study, simazine PRE at the March 15 and
April 17 planting dates reduced prickly sida density at least
5.4-fold compared with the no simazine PRE treatment
(Krutz et al. 2008b). In the s-triazine-adapted soils, prickly
sida densities were not statistically different between simazine
PRE and no simazine PRE, regardless of planting date. The
authors concluded that there is potential for cross-adaptation
among s-triazine herbicides resulting in reduced residual weed
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Figure 5. Relationship between the March 15 first-order dissipation rate
constants and Gompertz mineralization rate constant. Symbols represent
independent replicates from s-triazine-adapted and nonadapted soils.
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Figure 6. Measured vs. predicted first-order rate constants for atrazine and
simazine based on the proposed empirical persistence models.

control. Combined, these studies demonstrate that enhanced
degradation can decrease atrazine’s residual control of prickly
sida. Yet, under the conditions of this experiment, the
economic significance of enhanced atrazine degradation was
minimal, because there was no observed corn grain yield loss
in s-triazine-adapted soils, regardless of planting date

(Table 4).

Table 2. Degradation rate constants () and half-life values for atrazine in s-triazine-adapted and nonadapted soils at the March 15 and April 17 planting dates at

Stoneville, MS in 2006.

Planting date Soil k T ”
d! d
March 15 s-Triazine-adapted 0.06 (0.054-0.069)* 11.6 (10.1-12.8) 0.94
Nonadapted 0.04 (0.034-0.044) 17.3 (15.8-20.4) 0.96
April 15 s-Triazine-adapted 0.14 (0.117-0.157) 5.0 (4.4-5.9) 0.93
Nonadapted 0.10 (0.087-0.115) 6.9 (6.0-7.9) 0.94

* Values in parenthesis indicate 95% confidence intervals as estimated by SAS NLIN.
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Table 3. Interaction of planting date, soil, and herbicide treatment on prickly sida density in a corn study conducted at Stoneville, MS in 2006.

Planting date Soil®

Atrazine® PRE

Glyphosate® POST Prickly sida density

March 15

s-triazine-adapted -

|+ +

Nonadapted

|+ +

April 17

s-triazine-adapted

|+

Nonadapted

+ +

plants m 2 (SE)

3.5(0.8)
1.0 (0.5)
6.0 (2.7)
0.3 (0.2)
5.7 (1.0)
0.2 (0.2)
1.2 (0.6)
1.3 (0.3)
6.7 (2.2)
4.0 (1.7)
1.0 (0.6)
0.8 (0.4)
3.7 (0.7)
3.2 (2.0)
0.0 (0.0)
0.5 (0.5)

[ e e S

[ e B S

+

* The s-triazine-adapted soil had been treated with atrazine since 2000, has exhibited enhanced atrazine degradation since 2001, and was positive for the azzABC and
ter genes. The nonadapted soil has no known atrazine exposure history for at least 20 yr.
b Atrazine pre-emergence (PRE) included no PRE (—) or atrazine at 1,120 g ai ha™ ).
© Glyphosate postemergence (POST) included no POST (=) or glyphosate at 840 g ae ha™ L.

Discussion

Prior to the discovery of bacteria able to catabolize s-triazine
herbicides (Mandelbaum et al. 1995; Radosevich et al. 1995),
the weed science community widely accepted that the average
atrazine half-life in soil was approximately 60 d. This
assertion is founded on atrazine persistence estimates
published in the Herbicide Handbook (Senseman 2007),
Wauchope’s review of the literature (Wauchope et al. 1992),
and U.S. Environmental Protection Agency documents (US
EPA 2006). An examination of atrazine persistence data
published prior to 1995 indicates that an average atrazine half-
life of 60 d in soil was justified (Figure 7). Yet, the data
contained herein coupled with other reports imply that
atrazine persistence under field and laboratory conditions is
lower in s-triazine-adapted compared to nonadapted soils
(Figure 7). For example, a laboratory study revealed that
atrazine persistence in Colorado and Mississippi adapted soils

was 13-fold lower than nonadapted soil, 10-fold lower than
Wauchope’s estimate, and 18-fold lower than U.S. EPA’s
estimate (Krutz et al. 2008a). Previous publications from
Colorado and Mississippi indicate a similar trend for atrazine
and simazine persistence in s-triazine-adapted soils under field
conditions (Krutz et al. 2007, 2008b; Shaner et al. 2007).
From an agronomic perspective, the prickly sida data
coupled with the report of simazine cross-adaptation
demonstrate that reduced herbicide persistence in s-triazine-
adapted soils can result in decreased residual weed control
(Krutz et al. 2008b). Based on atrazine mineralization
kinetics, laboratory dissipation experiments, and probing for
atzABC and trzN genes, it also is likely that soils exhibiting
enhanced s-triazine degradation are widespread across the
western and southern U.S. corn production regions (Krutz et
al. 2008a). Thus, it is possible that complaints of poor
residual weed control with atrazine in s-triazine history soils in
Colorado, Hawaii, Louisiana, Mississippi, Tennessee, and

Table 4. Interaction of planting date, soil, and herbicide treatment on corn yield and corn yield expressed as a percent of the weed-free treatment in Stoneville, MS

in 2006.
Planting date Soil* Atrazine® PRE Glyphosate® POST Yield (SE) Yield (SE)
kg ha™' % weed-free
March 15 s-Triazine-adapted — — 10,350 (260) 105 (3)
- + 10,190 (240) 103 (2)
n - 9,960 (310) 101 (3)
+ + 10,020 (110) 101 (1)
Nonadapted - - 9,180 (380) 103 (4)
— + 8,880 (210) 99 (2)
+ - 9,080 (340) 102 (4)
+ + 8,950 (180) 100 (2)
April 17 s-Triazine-adapted - - 9,320 (230) 99 (2)
- + 9,690 (100) 103 (1)
+ - 9,660 (170) 102 (2)
+ + 9,640 (130) 102 (1)
Nonadapted — — 11,530 (140) 99 (1)
- + 11,340 (150) 98 (1)
n - 11,690 (240) 101 (2)
+ + 11,840 (280) 102 (2)

* The s-triazine-adapted soil had been treated with atrazine since 2000, has exhibited enhanced atrazine degradation since 2001, and was positive for the #2z4BC and
ter genes. The nonadapted soil has no known atrazine exposure history for at least 20 yr.
b Atrazine pre-emergence (PRE) included no PRE (—) or atrazine at 1,120 g ai ha ' (4.
© Glyphosate postemergence (POST) included no POST (—) or glyphosate at 840 g ae ha™ L),
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Figure 7. Box plot of reported atrazine half-life values generated under field
conditions for s-triazine-adapted and nonadapted soils. Boundary of box closest to
zero indicates the 25th percentile, a solid line within the box marks the median, a
dashed line within the box delineates the mean, and the boundary of the box
farthest from zero indicates the 75th percentile. Error bars above and below the
box indicate the 95th and 5th percentile, and solid dots indicate outliers. The
number of observations was 20 for nonadapted and seven for adapted soils (Bacci
et al. 1989; Frank et al. 1991; Gish et al. 1991, 1994; Khan et al. 1981; Krutz et
al. 2007; Ng et al. 1995; Shaner and Henry 2007; Sorenson et al. 1994;
Winkelmann and Klaine 1991; Workman et al. 1995).

Non-adapted

Texas are due to enhanced degradation and not s-triazine
resistant weed biotypes, improper application techniques, or
lack of activation. This signifies that a diagnostic laboratory
method that allows one to identify s-triazine-adapted soils
would be beneficial.

Mineralization of ring-labeled '*C-atrazine might be used
as a diagnostic test for identifying s-triazine-adapted soils and
predicting herbicides persistence under field conditions. Prior
to bacteria developing the metabolic pathway depicted in
Figure 1, cumulative mineralization of ring-labeled 'C-
atrazine after 30 d of incubation under optimal temperature
and moisture levels did not exceeded 20% of C, (Figure 3). In
contrast, cumulative mineralization of ring-labeled '*C-
atrazine after 30 d of incubation in s-triazine-adapted soils
typically exceeds 50% of C, when incubated at optimal
temperature and moisture levels (Figure 3). It is important to
note that the analysis contained in Figure 3 encompasses 52
independent observations from North America, South
America, and Europe. These data demonstrate that cumula-
tive mineralization of ring-labeled '*C-atrazine in excess of
50% of C, after 30d of incubation under optimal
temperature and moisture levels is indicative of enhanced s-
triazine degradation and should be considered as diagnostic
for adapted soils. Moreover, Equation 5 and Equation 6 reveal
the potential to predict atrazine and simazine persistence
under field conditions, respectively, using mineralization data
generated from the proposed diagnostic test. Coupling the
diagnostic test with the persistence model(s) will aid in
identifying s-triazine-adapted soils, predicting herbicide
persistence under field conditions, and implementing alter-
native weed control programs in affected hectarage as
warranted.

Sources of Materials

" Teejet 11002 flat fan nozzles, Spraying Systems Co., North
Ave., Wheaton, IL.

2 Cig solid phase extraction column, Bakerbond, J. T. Baker,
Phillipsburg, NJ.

3 Waters 2695 HPLC separations module, Waters Inc., Milford,
MA.

* Waters 996 photodiode array detector, Waters Inc., Milford,
MA.

°2.1-mm diam by 150-mm length Waters symmetry Cg
column, Waters, Inc., Milford, MA.

© Technical grade atrazine, 99% purity, Chemservice, Lancaster
PA.

7 Ring-labeled Y4C_atrazine, 115 uCi mmol ™! specific activity,
94% radiological purity, Sigma Chemical Co., St. Louis, MO.

8 SAS Institute, Inc., Cary, NC.

Literature Cited

Abdelhafid, R., S. Houot, and E. Barriuso. 2000. Dependence of atrazine
degradation on C and N availability in adapted and nonadapted soils. Soil
Biol. Biochem. 32:389-401.

Bacci, E., A. Renzoni, C. Gaggi, D. Calamari, A. Franchi, M. Vighi, and A.
Severi. 1989. Models, field studies, laboratory experiments: an integrated
approach to evaluate the environmental fate of atrazine (s-triazine herbicide).
Agric. Ecosyst. Environ. 27:513-522.

Barriuso, E. and S. Houot. 1996. Rapid mineralization of the s-triazine ring of
atrazine in soils in relation to soil management. Soil Biol. Biochem.
28:1341-1348.

Boundy-Mills, K., M. L. de Souza, R. T. Mandelbaum, L. P. Wackett, and M. J.
Sadowsky. 1997. The azzB gene of Pseudomonas sp. straind ADP encodes the
second enzyme of a novel atrazine degradation pathway. Appl. Environ.
Microbiol. 63:916-923.

Cheng, C., N. Shapir, N. J. Sadowsky, and L. P. Wackett. 2005. Allophanate
hydrolase, not urease, functions in bacterial cyanuric acid metabolism. Appl.
Environ. Microbiol. 71:4437-4445.

de Souza, M. L., J. Seffernick, B. Martinez, M. Sadowsky, and L. P. Wackett.
1998. The atrazine catabolism genes atzABC are widespread and highly
conserved. J. Bacteriol. 180:1951-1954.

Frank, R., B. S. Clegg, and N. K. Patni. 1991. Dissipation of atrazine on a clay
loam soil, Ontario, Canada, 1986-1990. Archiv. Environ. Contam. Toxicol.
21:41-50.

Fruchey, 1., N. Shapir, M. ]. Sadowsky, and L. P. Wackett. 2003. On the origins
of cyanuric acid hydrolase: purification, substrates, and prevalence of azzD
from Pseudomonas sp. strain ADP. Appl. Environ. Microbiol. 69:3653-3657.

Gish, T. G., C. S. Helling, and M. Mojasevic. 1991. Preferential movement of
atrazine and cyanazine under field conditions. Trans. Am. Soc. Agric. Eng.
34:1699-1705.

Gish, T. G., A. Shirmohammadi, and B. J. Wienhold. 1994. Field-scale mobility
and persistence of a commercial and starch-encapsulated atrazine and alachlor.
J. Environ. Qual. 23:355-359.

Hang, S., E. Barriuso, and S. Houot. 2003. Behavior of '#C-atrazine in
Argentinean topsoils under different cropping managements. J. Environ. Qual.
32:2216-2222.

Hang, S., E. Barriuso, and S. Houot. 2005. Atrazine behaviour in the different
pedological horixons of two Argentinean non-till soil profiles. Weed Res.
45:130-139.

Hang, S., S. Houot, and E. Barriuso. 2007a. Vertical variation of atrazine
mineralization capacity in soils. Agriscientia 2:87-95.

Hang, S., S. Houot, and E. Barriuso. 2007b. Mineralization of '“C-atrazine in an
entic haplustoll as affected by selected winter weed control strategies. Soil
Tillage Res. 96:234-242.

Hayar, S., C. Munier-Lamy, T. Chone, and M. Schiavon. 1997. Physico-
chemical versus microbial release of 14C-atrazine bound residues from a loamy
clay soil incubated in laboratory microcosms. Chemosphere 34:2683-2697.

Houot, S., E. Topp, A. Yassir, and G. Soulas. 2000. Dependence of accelerated
degradation of atrazine on soil pH in French and Canadian soils. Soil Biol.
Biochem. 32:615-625.

Khan, S. U., P. B. Marriage, and A. S. Hamill. 1981. Effects of atrazine treatment
of a corn field using different application methods, times, and additives on the
persistence of residues in soil and their uptake by oat plants. J. Agric. Food
Chem. 29:216-219.

Krutz, L. J., I. C. Burke, K. N. Reddy, and R. M. Zablotowicz. 2008b. Evidence
for cross-adaptation between s-triazine herbicides resulting in reduced efficacy

under field conditions. Pest. Manag. Sci. 64:1024-1030.

Krutz et al.: Enhanced s-triazine degradation « 433



Krutz, L. J., T. J. Gentry, S. A. Senseman, I. L. Pepper, and D. P. Tierney. 2006.
Mineralization of atrazine, metolachlor and their respective metabolites in
vegetated filter strip and cultivated soil. Pest Manag. Sci. 62:505-514.

Krutz, L. J., D. L. Shaner, C. Accinelli, R. M. Zablotowicz, and W. B. Henry.
2008a. Atrazine dissipation in s-triazine-adapted and nonadapted soil from
Colorado and Mississippi: Implications of enhanced degradation on atrazine
fate and transport parameters. J. Environ. Qual. 37:848-857.

Krutz, L. J., R. M. Zablotowicz, K. N. Reddy, C. H. Koger, III, and M. A.
Weaver. 2007. Enhanced degradation of atrazine under field conditions
correlates with a loss of weed control in the glasshouse. Pest. Manag. Sci.
63:23-31.

Langenbach, T., R. Schroll, and S. Paim. 2000. Fate and distribution of e,
atrazine in a tropical oxisol. Chemosphere 40:449-455.

Mandelbaum, R. T., D. L. Allan, and L. P. Wackett. 1995. Isolation and
characterization of a Pseudomonas sp. that mineralizes the s-triazine herbicide
atrazine. Appl. Environ. Microbiol. 61:1451-1457.

Martinez, B., J. Tomkins, L. P. Wackett, R. Wing, and M. J. Sadowsky. 2001.
Complete nucleotide sequence and organization of the atrazine catabolic
plasmid pADP-1 from Pseudomonas sp. Strain ADP. J. Bacteriol.
183:5684-5697.

Mersie, W., C. Seybold, and T. Tsegaye. 1999. Movement, adsorption and
mineralization of atrazine in two soils with and without switchgrass (Panicum
virgatum) roots. European J. Soil Sci. 50:343-349.

Mordaunt, C. J., B. Gevao, K. C. Jones, and K. T. Semple. 2005. Formation of
non-extractable pesticide residues: observations on compound differences,
measurement and regulatory issues. Environ. Pollut. 133:25-34.

Mulbry, W. W., H. Zhu, S. M. Nour, and E. Topp. 2002. The triazine hydrolase
gene trzlN from Nocardioides sp. strain C190: cloning and construction of
gene-specific primers. FEMS Microbiol. Lett. 206:75-79.

Ng, H.Y.F.,, J. D. Gaynor, C. S. Tan, and C. F. Drury. 1995. Dissipation and loss
of atrazine and metolachlor in surface and subsurface drain water: a case study.
Water Res. 29:2309-2317.

Ostrofsky, E. B., S. J. Traina, and O. H. Tuovinene. 1997. Variation in atrazine
mineralization rates in relation to agricultural management practice. J.
Environ. Qual. 26:647-657.

Parker, R. G., A. C. York, and D. L. Jordan. 2006. Weed control in glyphosate-
resistant corn as affected by pre-emergence herbicide and timing of
postemergence herbicide application. Weed Technol. 20:564-570.

Pussemier, L., S. Goux, V. Vanderheyden, P. Debongnie, I. Tresinie, and G.
Foucart. 1997. Rapid dissipation of atrazine in soils taken from various maize
fields. Weed Res. 37:171-179.

Radosevich, M., S. J. Traina, H. Yue-Li, and O. H. Tuovinen. 1995. Degradation
and mineralization of atrazine by a soil bacterial isolate. Appl. Environ.
Microbiol. 61:297-302.

Sadowsky, M. J., Z. Tong, M. De Souza, and L. P. Wackett. 1998. AzzC is a new
member of the amidohydrolase protein superfamily and is homologous to
other atrazine-metabolizing enzymes. J. Bacteriol. 180:152-158.

Seffernick, J. L., H. McTavish, J. P. Osborne, M. L. de Souza, M. J. Sadowsky,
and L. P. Wackett. 2002. Atrazine chlorohydrolase from Pseudomonas Sp.
Strain ADP is a metalloenzyme. Biochemistry 41:14430-14437.

Senseman, S. A. 2007. Herbicide Handbook, 9th ed Weed Science Society of
America: Lawrence, KS. 458 p.

Shaner, D. L. and W. B. Henry. 2007. Field history and dissipation of atrazine
and metolachlor in Colorado. J. Environ. Qual. 36:128-134.

434 + Weed Science 57, July-August 2009

Shapir, N., G. Cheng, M. J. Sadowsky, and L. P. Wackett. 2006. Purification and
characterization of TrzF: biuret hydrolysis by allophanate hydrolase supports
growth. Appl. Environ. Microbiol. 72:2491-2495.

Shapir, N., J. P. Osborne, G. Johnson, M. J. Sadowsky, and L. P. Wackett. 2002.
Purification, substrate range, and metal center of #zC: the N-isopropylam-
melide aminohydrolase involved in bacterial atrazine metabolism. J. Bacteriol.
184:5376-5384.

Shapir, N., M. J. Sadowsky, and L. P. Wackett. 2005. Purification and
characterization of allophanate hydrolase (atzF) from Pseudomonas sp. strain
ADDP. ]. Bacteriol. 187:3731-3738.

Smith, D., S. Alvey, and D. E. Crowley. 2005. Cooperative catabolic pathways
within an atrazine-degrading enrichment culture isolated from soil. FEMS
Microbiol. Ecol. 53:265-273.

Sorenson, B. A., W. C. Koskinen, D. D. Buhler, D. L. Wyse, W. E. Lueschen,
and M. D. Jorgenson. 1994. Formation and movement of YC atrazine
degradation products in a clay loam soil in the field. Weed Sci. 42:618-624.

Tharp, B. E. and J. J. Kells. 1999. Influence of herbicide application rate, timing,
and interrow cultivation on weed control and corn (Zea mays) yield in
glufosinate-resistant and glyphosate-resistant corn. Weed Technol. 13:
807-813.

Topp, E. 2001. A comparison of three atrazine-degrading bacteria for soil
bioremediation. Biol. Fertil. Soils 33:529-534.

[US EPA] U.S. Environmental Protection Agency. 2006. Decision Documents
for Atrazine. http://www.epa.gov/oppsrrd 1/REDS/atrazine_combined_docs.
pdf. Accessed: February 4, 2008.

Vanderheyden, V., P. Debongnie, and L. Pussemier. 1997. Accelerated
degradation and mineralization of atrazine in surface and subsurface minerals.
Pestic. Sci. 49:237-242.

Viator, B. J., J. L. Griffin, and E. P. Richard, Jr. 2002. Evaluation of red
morningglory (Ipomoea coccinea) for potential atrazine resistance. Weed
Technol. 16:96-101.

Wackett, L. P., M. J. Sadowsky, B. Martinez, and N. Shapir. 2002.
Biodegradation of atrazine and related s-triazine compounds: from enzymes
to field studies. Appl. Microbiol. Biotechnol. 58:39-45.

Wauchope, R. D., T. M. Budler, A. G. Hornsby, P. M. Augustine-Becers, and P.
P. Burt. 1992. The SCS/ARS/CES pesticide properties database for
environmental decision making. Rev. Environ. Contam. Toxicol. 123:1-155.

Winkelmann, D. A. and S. J. Klaine. 1991. Degradation and bound residue
formation of atrazine in a wester Tennessee soil. Environ. Toxic. Chem.
10:335-345.

Workman, S. R., A. D. Ward, N. R. Fausey, and S. E. Nokes. 1995. Atrazine and
alachlor dissipation rates from field experiments. Trans. Am. Soc. Agric. Eng.
38:1421-1425.

Yassir, A., B. Lagacherie, S. Houot, and G. Soulas. 1999. Microbial aspects of
atrazine biodegradation in relation to history of soil treatment. Pesticide. Sci.
55:799-809.

Zablotowicz, R. M., L. J. Krutz, K. N. Reddy, M. A. Weaver, C. H. Koger, and
M. A. Locke. 2007. Rapid development of enhanced atrazine degradation in a
Dundee silt loam under continuous corn and in rotation with cotton. J. Agric.
Food. Chem. 55:852-859.

Zablotowicz, R. M., M. A. Weaver, and M. A. Locke. 2006. Microbial adaptation
for accelerated atrazine mineralization/degradation in Mississippi Delta soils.

Weed Sci. 54:538-547.

Received January 14, 2009, and approved March 3, 2009.



